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Total harmonic distortion (THD) is a key index used to measure the 
quality of output waveforms in multilevel inverters. In this paper the 
THD is investigated and compared between two modulation methods; 
selective harmonic elimination and nearest level control, for 13-level 
transistor clamped H-bridge (TCHB) inverter. The selected TCHB topology 
employs a reduced number of DC sources and switches compared with other 
conventional multilevel inverters, which helps to reduce the size and cost of 
the inverter. The performance of both modulation methods has been 
validated through simulations using MATLAB/Simulink. The results show 
that for selective harmonic elimination, the 13-level output exists for a 
narrow range of modulation index, M (0.687 < M < 0.694), while for 
nearest level control method, the 13-level output exists for a wider range of 
M (M > 0.917), which means the 13-level output exists for different ranges 
of M for both methods. The THD obtained from both methods fulfills the 
IEFE Std 519-2014 standard of harmonics. Nearest level control method is 
conceptually simple and produces better THD results compared with 


selective harmonic elimination method. 
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1. INTRODUCTION 

Multilevel inverters (MLIs) [1]-[3] have gained a strong presence in the industry, particularly in 
medium and high power applications. MLIs offer several advantages when compared with two-level 
inverters, such as higher operating voltage capability, higher power quality, lower harmonic distortion and 
smaller filter size. Researchers are working hard to improve MLI topologies, control strategies and 
modulation techniques to reduce their size and cost and improve system reliability and efficiency. Harmonics 
are a very important factor to be considered when designing MLIs. Neglecting their effect may result in 
overheating and damage of electrical machinery as well as losses in the electrical system. 

Recently, cascaded H-bridge (CHB) MLI has become one of the most popular MLIs due to its 
modular structure and efficiency. However, the CHB MLI requires separate DC power sources and a large 
number of switches, which makes the inverter too bulky. In contrast, the transistor clamped H-bridge 
(TCHB) MLI [4]-[6], generates a larger number of levels and requires fewer DC sources and switches. A 
single TCHB cell produces five levels at the output (+Vac, +1/2 V4c,0). The Reliability of TCHB MLI has 
been addressed in [7], in which the structure of TCHB has been modified to make it more reliable (fault- 
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tolerant). Zhang et al. [8], a cost-effective approach based on a hybrid usage of silicon carbide (SiC) metal 
oxide semiconductor field effect transistors (MOSFETs) for some switches and silicon (Si) insulated-gate 
bipolar transistors (IGBTs) for other switches is proposed to improve the efficiency of TCHB MLI. 

Based on the switching frequency, modulation techniques can be categorized into high switching 
frequency modulations and low switching frequency modulations. Switching frequency for multilevel 
inverters is considered high if it is above 1 kHz. High switching frequency modulations like multicarrier/ 
multireference PWM [9]-[12], space vector modulation (SVM) [13], [14] are superior in terms of harmonic 
minimization; however, they suffer from high switching losses. To overcome this issue, low switching 
frequency modulations are used. One of these modulations which has been widely investigated in the 
literature is the selective harmonic elimination (SHE) method [15]-[17]. The SHE method is capable of 
eliminating some low order harmonics. It is based on the solution of non-linear, transcendental equations 
representing the fundamental and harmonics components of the output waveform. Optimization techniques 
such as particle swarm optimization (PSO) [18] or iteration methods such as Newton Raphson (NR) 
algorithm [19], [20] are used to solve these equations. Another low switching frequency modulation is the 
nearest level control (NLC) [21]-[25]. NLC is based on selecting the nearest level to the reference. It is a 
simple method that can be easily extended to any number of levels without complicating the system. 

This research work mainly focuses on applying SHE and NLC methods to 13-level TCHB inverter 
with equal DC sources and evaluating their performance in terms of THD reduction. The adopted TCHB 
MLI and the modulation methods applied to it are validated through simulations in MATLAB/Simulink. The 
THD results are analyzed and compared for both methods. It is expected that both methods fulfill the IEEE 
Std 519-2014 [26]. 


2. THE ADOPTED 13-LEVEL TCHB INVERTER 

The 13-level TCHB inverter and its output waveform are shown in Figure 1. The power circuit of 
the inverter is shown in Figure 1(a). The configuration is composed of three identical TCHB cells which are 
fed by equal DC voltages. The output voltage waveforms of each TCHB cell and the overall 13-level inverter 
are shown in Figure 1(b). A representation of a single TCHB cell is shown in Figure 2, and its switching 
states are listed in Table 1. 
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Figure 1. The 13-level TCHB inverter; (a) power circuit and (b) output voltages of 
cell-1, cell-2, cell-3, and the overall 13-level inverter 
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Figure 2. A single TCHB cell 


Table 1. Switching states 


No. T Voltage level 
1 Sis S4 +Vic 
2 Sa $; + 1/2 Vac 
3 Si S2 or 0 

(S3, S4) 
4 S2 S5 ~ 1/ Vac 
5 S2, S3 Vac 


It can be inferred that in the case of TCHB MLI, 15 switches are used to produce 13-level output, 
compared with 24 switches in the case of CHB MLI. To generate any output level, two switches in each 
TCHB cell must be switched on simultaneously (a total of six switches in all TCHB cells). The firing angles 
are alternatively selected in such a way that Cell-1 switches at 64 and 04, Cell-2 switches at 02 and 05, and 
Cell-3 switches at 63 and 06. The inverter output voltage is represented by the sum of the output voltages of 
all TCHB cells. 


3. ANALAYSIS OF THE MULTILEVEL INVERTER OUTPUT VOLTAGE 
In general, any periodic waveform can be represented using Fourier series expansion as (1). 
Viny (wt) = ao + UP-1[a, cos(nwt) + bn sin(nwt)] (1) 


Because TCHB MLI output waveform is a quarter-wave symmetry, the coefficients ay and a, are zeros for 
all n harmonics. So, the output voltage can be expressed as (2): 


Vinv (wt) = Lpa by, sin(nwt) (2) 
where b, represents the Fourier coefficients and can be described as (3): 


0, n = even 
i= í zeia cosn6;, n= odd (3) 


where s indicates the number of angles (steps) in a quarter wave, and 0; represent the switching angles that 
should lie between 0 and wy 2- The expression of the fundamental voltage V; is given by (4). 


V, = bh, = Vac [cos(84) + cos(@,) + = cos(8,)] (4) 


H 


The voltage THD is given by (5). 


THD =VX% V/V? (5) 
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4. SELECTIVE HARMONIC ELIMINATION METHOD 

The basic principle of SHE method is to eliminate some significant low order harmonics and keep 
the fundamental voltage at the desired value. To perform that, the output waveform is decomposed into a 
number of equations that describe the fundamental and harmonics components as in (6): 


cos(81) + cos(@2) + + cos 0s = sM 

cos(36,) + cos(362) +--+ cos(306) = 0 (6) 
cos(56,) + cos(503) + = + cos(56,) = 0 

cos(n@,) + cos(n@z) + =- + cos(n86) = 0 


where M is the modulation index and is given by (7). 
M = nV, /2SVace (0<M<1) (7) 


The set of equations in (6) are solved to obtain the optimized switching angles using NR method. 
This method starts with an initial guess of the switching angles and converges to the optimized solution after 
executing the method for several iterations. The execution of NR method is illustrated in the following steps 
[27]: 
— Consider any arbitrary initial estimate for the switching angles (0? — 92) which satisfy this condition 

(0 < 0, < 82 < ++ < 06 < ™/5). Suppose: 6° = [8?, 02, ...,06 T. 

- Set the modulation index, M to 0. 
— Calculate F(@°), B(M) and Jacobian J (0°) matrices. where F(9°)=F°, B(M) = [Ms, 0,0, 0,0, 0]’. 
—  Linearize about 0. 


F? + [0F°/d0] x dð! = B(M) 
d0? = [do? d0? d0} ... deg] 

— Compute the correction dO’ during the iteration using the relation: 
d0’ = J~*(6°)(B(M) — F(@°) 

where J~1(0°) is the inverse matrix of [@F° /06] 


— Update the switching angles, i.e., 0(k + 1) = 0 (k) + d@(k). 

— Repeat steps (c) to (f) for several iterations until they satisfy the desired degree of accuracy. 
— Increment M by a small, constant step. 

— Repeat steps (b) to (h) for the whole range of M (0 < M < 1). 

— Plot the obtained switching angles against M and then plot the voltage THD against M. 


A MATLAB code is written to demonstrate NR method for the 13-level inverter. The results are 
shown in Figure 3. It was observed that the switching angles have a solution between M=0.687 and 
M=0.694, as depicted in Figure 3(a). Outside this range, the solutions either do not exist, or less than six 
angles are there, which is not applicable for the 13-level output. The voltage THD is calculated up to the 50th 
harmonic for the same range of M, as plotted in Figure 3(b). At M = 0.691, it is found that the minimum 
voltage THD is achieved and it is 6.8%. The angles at this point are 5.77°, 16.12°, 28.71°, 41.06°, 59.18° and 
87.31°. 

The process of generating gate signals for the TCHB MLI switches is implemented using 
comparators and logic gates. The comparison is made between a sinusoidal reference whose amplitude is 
considered to be 1 per unit and high and low voltage constants, V;,, and Vıp, where p is the TCHB cell 
number. These voltage constants are based on the obtained switching angles and are given by (8). 


Vip = sin(@,) , r= 1,3,5 
Vap =sin(@,) , z= 2,4,6 (8) 
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Figure 3. MATLAB code results using SHE method; (a) Switching angles and (b) Voltage THD 


5. NEAREST LEVEL CONTROL METHOD 

NLC method, also called round method, is conceptually simple and straightforward. It simply 
compares the reference to the voltage levels and then selects the nearest level to the reference. Gate signals 
are then generated using comparators and basic logic gates and then fed to the inverter’s switches. The round 
function is defined such that round {x} is the integer closest to x. Figure 4 illustrates the NLC method. The 
application of NLC method to 13-level TCHB inverter is illustrated in Figure 4(a). First, the output is at zero 
level for an interval specified by the first switching angle. Then, the output switches to 0.5vg, level when the 
reference reaches 0.25v,,. In the same way, when the reference reaches 0.75v,,, the output switches to Vac 
level and so on. The control logic of NLC method for finding the nearest voltage level is illustrated in 
Figure 4(b). V, p and V, , are the constant values of comparison for the respected TCHB cell, p. In the case of 
13-level output, the values of V,, for the three cells are 0.083, 0.25, 0.416 and the values of Vpn are 0.583, 
0.75 and 0.916, respectively. The reference amplitude is assumed to be 1 per unit. 


Nearest 
voltage level 


Inverter 
switching 
table 


Gating 
signals 


Nearest voltage level = 0.5vg, X roundys {v*/0.5V4c} 


(b) 


(a) 


Figure 4. NLC method; (a) Waveform synthesis and (b) Control diagram 


The modulation index, M using NLC method can be calculated as in (9), where V,¢¢ is the 
reference’s amplitude. The switching angles of the 13-level TCHB inverter are calculated as in (10). 


M= 2Vref /S Vac 


. _4 fi-0.5 
0; = sin") (=), 
6M 


(9) 


i=1,2,...,6 (10) 


The 13-level output begins at M = 0.917, because according to the round method and as shown in 
Figure 4(a), if 3Vvac is considered as 1 per unit, the reference must reach 2.75v,, or 0.917 per unit to generate 
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13-level output. Less number of levels is obtained when M is below 0.917. Using MATLAB code, the results 
of the NLC method are shown in Figure 5. The switching angles are calculated for a range of M from 0.92 to 
1.15, as illustrated in Figure 5(a). The voltage THD is also calculated over the same range of M, as shown in 
Figure 5(b). It is noticed that the minimum THD is achieved at M=1.04, and it is equal to 5.09%. The 
switching angles at this point are 4.60°, 13.91°, 23.62°, 34.12°, 46.15° and 61.81°. In the overmodulation 
region, especially after M = 1.04, the voltage THD increases with the increase in M, and the output 
waveform will have a flat peak which gets wider with the increase in M. 
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Figure 5. MATLAB code results using NLC method; (a) Switching angles and (b) Voltage THD 


6. SIMULATION RESULTS 

The 13-level TCHB inverter along with the applied modulation methods are modelled through 
simulations in MATLAB/Simulink. Figure 6 shows a block diagram of the simulation model. The model 
consists of three identical TCHB cells. All TCHB cells are fed by equal DC voltages of 120V. Table 2 
summarizes the specifications of the simulation parameters. 
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Figure 6. Block diagram of the 13-level TCHB inverter simulation 


Table 2. Simulation parameters specifications 


Parameter Values 
DC voltages 120V 
DC-link capacitors 2200 uF 
Load resistance 100 Q 
Fundamental frequency 50 Hz 


6.1. Simulation results using SHE method 

The simulation results using the SHE method at M = 0.691 are shown in Figure 7. Figure 7(a) 
depicts the output voltage of the 13-level inverter, where the peak voltage is 360V. Figure 7(b) demonstrates 
that the voltage THD is 7.11%, which is very close to the THD obtained from calculations with only 0.31% 
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difference. These results represent the minimum obtained voltage THD based on SHE method. It is observed 
that the low order odd harmonics up to the 11" harmonic have been almost eliminated. The simulation results 
at M = 0.687 (maximum THD) are shown in Figure 8. The output voltage waveform and its THD are shown 
in Figures 8(a) and (b), respectively, with voltage THD of 8.44%. 


Fundamental (50Hz) = 311.1, THD= 7.11% 
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Figure 7. Simulation results at M = 0.691; (a) Output voltage waveform and (b) Voltage THD 
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Figure 8. Simulation results at M = 0.687; (a) Output voltage waveform and (b) Voltage THD 


6.2. Simulation results using NLC method 

The simulation results using NLC method at M = 1.04 are shown in Figure 9, where the output 
voltage of the 13-level TCHB inverter and its voltage THD spectrum are depicted in Figures 9(a) and (b), 
respectively. The voltage THD is equal to 5.18%, which approximately matches calculations with less than 
0.1% difference. The result at M = 1.04 represents the minimum obtained voltage THD based on NLC 
method. The simulation results at M = 0.92 (maximum THD) are shown in Figure 10. The output voltage 
waveform and its THD are shown in Figures 10(a) and (b), respectively, with voltage THD of 7.11%. 
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Figure 9. Simulation results at M = 1.04; (a) Output voltage waveform and (b) Voltage THD 
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Fundamental (50Hz) = 324.6 , THD= 7.11% 
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Figure 10. Simulation results at M = 0.92; (a) Output voltage waveform and (b) Voltage THD 


7. DISCUSSION 

The main difference between NLC and SHE is that NLC reduces the overall THD of the output 
without eliminating certain harmonics; however, SHE eliminates some low order harmonics from the output 
waveform. When comparing the individual harmonics, it is clear that the 3rd, 5th, 7th, 9th and 11th 
harmonics have been almost eliminated in the case of SHE method. However, for NLC, the overall THD has 
been reduced without the focus on eliminating any individual harmonics. Another difference is that the 
voltage THD can be calculated using NLC method for a wide range of M (M = 0.917), whereas for SHE 
method, and using NR method, it can be calculated only for a narrow range of M (0.687 < M < 0.694). A 
comparison has been made between theoretical and simulation results of SHE and NLC methods at the 
minimum obtained voltage THD, as listed in Table 3. It can be seen that the minimum voltage THD occurs at 
different values of M for both mehods. It can also be noted that the NLC method achieves lower voltage 
THD results compared to the SHE method. 


Table 3. Voltage THD comparison between NLC and SHE at minimum THD 
Modulation method SHE (M = 0.691) NLC (M = 1.04) 
Theoretical results 6.8% 5.1% 
Simulation results 7.11% 5.18% 


8. CONCLUSION 

In this paper, SHE and NLC low switching frequency modulations were applied to 13-level TCHB 
inverter with equal DC voltage values. The voltage THD was investigated for different ranges of M as the 
13-level output does not appear at the same range of M for both methods. NLC method operates for a wide 
range of M (M = 0.917), while SHE method operates for a narrow range of M (0.687 < M < 0.694). NLC 
achieves a lower voltage THD results compared to SHE. Finally, the voltage THD obtained from both 
methods fulfills the IEEE Std 519-2014, which allows an 8% THD limit for voltages less than 1kV. 
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